Evaporation is a well known issue when handling small liquid volumes. Here we present a review of microscale assays prone to evaporation and methods to make them more robust. Applications for these assays span from combinatorial chemistry to cell-biology where the stability of concentrations and osmolarity can be critical. A dimensionless evaporation number Ev is presented and used to characterize volume loss in short term and long term microscale assays. Ev can be used both as a design tool and as an analysis parameter. The advantageous use of evaporation in some applications is also discussed.
Introduction
Microfluidics stems from the realization that reducing device sizes induces a range of benefits in terms of speed, cost, and precision.
1 Beyond these advantages, new functionality arises including the ability to analyze single cells or even single molecules through control of extremely small volumes and the ability to run these experiments in parallel in an array based format.
2-5 Many approaches to manipulate volumes down to the picoliter scale have been devised to create microfluidic devices.
6
One approach consists of limiting the dead volume by removing tubes and connectors, which will be referred to here as tubeless microfluidics. A first category of such devices maintains the concept of microchannels. To generate flow they rely on passive phenomena such as surface tension 7-9 or integrated actuators as in electrowetted flow. 10 These tubeless microfluidic devices allow integration of most existing microfluidic functions such as valves and reaction chambers.
Reducing the volumes further, a second category of devices discard the concept of flow and microchannels, to reduce the reaction and detection chambers to a single drop of liquid. Micro and nano vial arrays enable the creation of thousands of parallel reaction chambers.
11- 16 Electrowetting on dielectric (EWOD) allows the operations of creating, displacing, fusing and detecting drops of fluid. tics. They eliminate the requirement for liquid connectors using other dispensing devices such as pipettors 7, 19 or inkjet printers 20 instead. Moreover, they are all based on droplet dispensing to create arrayable small work volumes.
One of the critical issues in using this class of microfluidic device is evaporation due to the open air-liquid interfaces. 21 The subsequent volume loss affects the concentrations and osmolarity of reagents or media. For perspective, in typical laboratory conditions a 10 nL drop will evaporate in 10-30 s. 22 Volume loss is exacerbated for experiments lasting hours or days, such as cell studies, increasing its importance as an experimental parameter.
There are many approaches to reducing the effects of evaporation. The time scale of the experiment can be reduced by parallelizing the dispensing of liquid and detection methods.
11
The evaporation rate can be reduced by changing the geometry of the device and reducing the ratio of exposed area to volume.
12
A high boiling point component (e.g. glycerol in the case of aqueous working fluids) can be added to the liquid to reduce the vapor pressure, provided it does not modify the function of the assay.
23
More sustainable solutions are required for experiments such as cell studies lasting up to a few days. First, the evaporation can be compensated for by continuous addition of liquid to the depleted reservoir.
14,24 In addition to the effects of flow, this approach adds to the complexity of the fabrication and may cause changes in solute concentration.
Another technique is to block any open gas-liquid interface. Mineral oil is typically used to cap exposed aqueous solvents, 5,15,16 or heptane for easier removal, 6 preventing evaporation of the underlying water but reducing the ease of access to the liquid compartments. The system can also be isolated by using solid lids such as a microscope slide.
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Finally, perhaps the most commonly used method is to place the microfluidic device in a closed humid environment. This can be done by placing sacrificial water around the liquid of interest in a closed container. Drawbacks include unwanted condensation in the presence of temperature gradients and hindered/limited device access. However, creating a humid environment is the least invasive method as it minimizes interaction with the fluid of interest. Thus, this method will be the focus of further characterization. While this solution is often successful, it is typically empirical and relies on the assumption that the level of humidity provided is sufficient to mitigate evaporation. In some cases, as devices become denser and the user wishes to use specialized equipment with space constraints (e.g. a microscope stage, mass spectrometer, etc.), it is impossible to deposit liquid in the same manner. A design parameter to ensure acceptable evaporation is needed.
In this tutorial review, we begin with the analysis of an evaporating surface. This allows us to write the evaporation rate of different geometries, such as droplets or disks. For medium to high throughput microfluidic applications involving liquid-air interfaces, we introduce a dimensionless number, Ev, quantifying the fractional volume loss through evaporation of a liquid of interest in the presence of sacrificial liquid. Design solutions for a range of situations and liquids are presented and discussed. Finally, specific considerations are analyzed, such as the modified evaporation rate for high array of large number and edge effects, which can lead to significant changes in evaluating evaporation.
Theory
Evaporation is a diffusion limited process of water vapor moving away from the air-liquid interface depending on the surrounding conditions such as mass concentration of water vapor, C (kg m −3 ), or temperature. 25, 26 The evaporation rate, E, written in terms of D, the diffusion coefficient of water vapor in air, q, the density of water, and n a unit vector normal to the interface, 27 is given by:
Analytical solutions for the evaporation process are nontrivial, however the problem can be simplified if we suppose temperature to be constant. 28 For still air, a concentration gradient of vapor develops by diffusion, 29,30 and the concentration difference between the surface of the interface and the air is written DC sat-i . Note that a ventilated environment increases evaporation rates.
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In the case of a hemispherical droplet of radius R, the gradient of vapor concentration takes a value of DC sat-i /R at the interface and the evaporation rate is written in eqn (2).
29, 32 The general case of a droplet on a surface can be approximated with knowledge of the contact angle (see ESI ‡). Interestingly, the evaporation rate is proportional to the radius and not the surface area of a drop:
An exact solution for steady-state evaporation for a flat disk can be written, by using an equivalent radius in eqn (2) , where S is the surface area. 33 More generally, for qualitative purposes, this solution can be extended to compact shapes of surface area S:
For different liquids, the evaporation rate is modified depending on their saturated vapor pressure, which can be written as a function of osmolarity (see ESI ‡). Eqn (1)-(3) allow us to pursue the quantification of the volume loss in an assay containing sacrificial liquid.
Evaporation number
It is possible to approach the problem of evaporation in a container from a general perspective, without considering the evaporation for each single source. During an experiment a volume, V loss , is lost through evaporation in the whole device, resulting in changes in concentrations and osmolarity. For example, after the liquid of interest (e.g. cell suspension or reagent) and the sacrificial liquid are placed in a chamber, the vapor pressure rises to equilibrate near saturation leading to a loss in liquid volume, V ini . Continuous volume loss, V leak , also occurs by diffusion through leaks, of influx of drier gases (e.g. CO 2 in an incubator):
Volume loss will occur both in the liquid of interest, which we wish to minimize, and in sacrificial liquid (Fig. 2) . The sum of evaporation rates at the surfaces of interest, E i , calculated using eqn (2) or (3), is the amount of unwanted evaporation. The sum over all sources represents the total evaporation rate. The ratio of these sums represents the fraction of evaporation of interest, v:
From eqn (2) , (4) and (5) we evaluate the volume of the liquid of interest evaporated. By comparing this volume to the total volume of the liquid of interest initially placed in the container, V i , the fraction of liquid of interest lost, Ev, can be evaluated. In this form Ev can also be split into evaporation numbers specific for each phenomenon, such as Ev ini , for initial evaporation, and Ev leak for continuous loss:
The acceptable threshold for Ev depends on the requirements of a particular experiment. For mouse embryos, osmolarity changes of more than 5% can modify their development. 34 In this case Ev must be well under 0.05. In different conditions higher Ev may be acceptable.
In the following, we will focus the case study on an array of drops as they are easily dispensed using a micropipette ( Fig. 2  and 3 ), thus eqn (5) and (6) are rewritten in eqn (7) with R the radius of the drop and R i , the radius of the drop of interest. However, for shapes that are not too elongated, the equivalent radius presented in eqn (3) can be used. This is demonstrated in an application presented in the closure of this analysis. The different contributions to Ev are evaluated depending on the situation. 
Short term volume loss
The initial evaporation leads to a rise in humidity in the container to reach near saturated conditions. For example, we measured that equilibrium is reached in 15 minutes in a 90 mL closed Omnitray (NUNC, Rochester, NY) at 25
• C containing one hundred 10 lL drops (Fig. 4 and ESI ‡). For a container of volume V a , the total amount of volume loss corresponds to the volume of water required to saturate the air of the container. Thus, we write the evaporation number, Ev ini , for the initial evaporation: (8) In the ideal case of a sealed and homogenous chamber, eqn (8) is sufficient to predict evaporation in long term experiments. However, the presence of leaks in the chamber leads to continuous volume loss that requires further analysis.
Long term volume loss
Measurement of the humidity equilibration (Fig. 4) reveals that the relative humidity (RH) in a closed but unsealed Omnitray equilibrates to 95% when ambient air is at 50% relative humidity (RH), signifying a continuous loss of humidity. This volume loss can be dominant for long term experiments, such as cell culture. If the leak flux J (in m 3 s −1 ) is known, the total volume loss is JDt for an experiment lasting a time Dt. Ev Leak is given by: (9) In many cases, the leak is driven by diffusion through a concentration drop from the interior of the container to the exterior, DC i-e . Generally for small leaks, humidity in the container can be considered saturated and DC i-e ≈ DC sat-e . For these leaks, we write the leak rate J in the form of a diffusion process, with D the diffusion coefficient of water in air and f a geometric factor that represents the leakiness of a container. Alternatively, the parameter 1/Df can be viewed as the diffusive resistance with units s m −3 :
A large value of f indicates strong leaks and a small value indicates a good seal. For simple geometries f can be calculated analytically. If the leak was driven by a straight channel of section A and length , f = A/ . In general, for a random container of complex geometry, f can be determined experimentally using a simple protocol. First the user should time the duration for total evaporation of a known volume, V tot , Table 1 Characteristic leakiness factor f for different platforms with standard deviation determined using eqn (5) 
Values of f have been determined experimentally for various containers commonly used in cell culture (Table 1) . We notice an increase in the leakiness, f, for larger container perimeters and looser lids. With an expression for the leak rate, it is possible to determine the equilibration humidity in the container. At equilibrium, total evaporation in the container is summed using eqn (2) , and equates to the water vapor leak, driven by diffusion out of the container. Therefore, DC sat-i , the water vapor concentration difference between saturation and the air of the container is: (12) As an example, to verify Ev, a series of experiments were conducted. A number of identical 10 lL drops, one of which represents the "useful" drop, were placed in a 4 Petri-dish at different temperature conditions for 6 h (Fig. 5) . The weight variation of the device was measured to characterize the amount of evaporation that occurred. The Ev number was evaluated using eqn (6) with the geometric factor f calculated with eqn (11) and the water vapor concentration evaluated using the absolute water concentration at room conditions (21 • , 20% RH). An Ev of 1 or more always indicated total evaporation of the liquid of interest. Evaporation of less than 10% always occurred for Ev numbers less than 0.1, whereas evaporation of more than 25% occurred for Ev numbers higher than 0.25 (Fig. 5) . We note that Ev is not a highly precise measure of the amount of evaporation, due mainly to the uncertainty in measuring f, but produces sufficient quantification for the purpose of designing low evaporation experiments. Moreover, phenomena such as edge effects or interaction between evaporating sources have not been considered in this analysis.
Condensation
Although evaporation can have acute effects by significantly reducing volumes, condensation can also occur to promote increases in fluid volumes. This has been observed, particularly in cell culture applications where media and buffer are typically at 300 milliosmolar. If pure water is used to increase humidity in a device, the difference in osmolarity can drive condensation of water into the media. Further it has also been hypothesized as the cause of significant cell death (data not published). The difference in osmolarity just described would result in a negative value for DC. Thus, previously developed equations would yield a negative value for Ev, signifying condensation. Similarly, temperature gradients can result in significant condensation.
Edge effects: Placing sacrificial liquid judiciously
As mentioned, a neglected factor in the preceding analysis is the importance of local effects. For example, it is common practice in the use of 96 well plates for drug screening to omit the first and last rows and columns of the plate due to variability caused by evaporation. Diffusion of water vapor not only limits the evaporation rate of the liquid but also the homogenization of the environment. This signifies that a local effect such as a leak or a hole in the container will affect the closest drop much more than the others. This phenomenon is dependent on the height of the container and generally not on the density of evaporating "spots". We illustrated this by modeling in COMSOL a Petridish either filled with water (Fig. 6A1) or containing multiple drops (Fig. 6A2) . We observe that, regardless of a continuous or discrete surface of liquid, the evaporation only affects liquid at a set distance inside the Petri-dish, except for very spare arrays. Moreover, the distance from the leak at which the liquid undergoes only 5% of the evaporation predicted by the Ev number is about 3 to 4 times the height of the container (Fig. 6B) . This distance does not vary with humidity and varies little with the leakiness (i.e. the physical size of the leak, see ESI ‡), as they are both included in the calculation of Ev. For example, if the humidity outside the dish is cut in half, the average evaporation and Ev will double, yet the penetration distance associated with 5% of Ev will not change. This implies that placing the sacrificial liquid strategically can reduce evaporation more effectively than a large quantity of poorly placed liquid. This is especially true in the case of shallow containers. We illustrated the importance of this effect experimentally through 6 A. Humidity in a covered Petri-dish with a loose lid modeled in COMSOL with axi-symetric geometry for both a dish filled with water (1) or containing an array of drops (2) . The evaporation flux at the surface of the liquid is superposed and the distance, L, at which evaporation is reduced by x% is termed penetration distance. B. Penetration distance of the evaporation due to the leak as a fraction of the radius of the dish in function of the aspect ratio of the container. We observe that this distance is roughly proportional to the height of the container, and the coefficient depends on the percentage of evaporation reduction. C. Evaporation pattern in an Omnitray containing an array of passive pumping channels after 24 hours in room conditions with a lid. The 80 central channels are filled with blue colored water, and the 112 at the outskirts with red. This is the same device as in Fig. 3 after 24 h. If the leak spans the entire height of the dish, the penetration depth associated with 5% of Ev will be L = 2.3H + 0.03 (see ESI ‡).
observation of the evaporation pattern of an array of drops in an Omnitray overnight. At any time the two rows of drops closer to the edge seem to undergo extensive evaporation while the rest remain untouched (Fig. 6C) .
Evaporation for many arrayed sources
One hypothesis underlying the evaporation number is that each evaporating surface is far away enough from the others to neglect any interaction and thus, evaporation acts as if the surface was alone. In reality, for multiple drops, the fraction of evaporation will be reduced as they are more numerous on the same surface. This occurs because the area around the evaporative surface can no longer be considered as a semiinfinite space. This phenomenon becomes significant as the ratio of evaporating surface relative to the total surface of the assay increases. For sparse arrays, with a small ratio of areas, negligible direct interaction occurs between any pair of drops, yet the actual total evaporation rate is smaller than the sum of all individual evaporation rates. For this reason eqn (2) and (3), which are linear with N, need to be modified. Supposing an array of N evaporating surfaces of radii r, covering a disk-shaped area of substrate of radius a, we write the modified integrated evaporation rate, E in eqn (13a) and (13b). Eqn (13a) assumes that the evaporating sources are hemispherical, whereas eqn (13b) assumes disk-shaped surfaces 33, 35 (see ESI ‡):
We demonstrated this effect by measuring the evaporation of a number of disk shaped surfaces in a lidless 80 mm Petri-dish. The disks were created by floating a pierced plastic transparency sheet, bored using a 375 lm drill tip, on a Petri-dish filled with water and sealed with oil. The evaporation rate was measured by weighing the Petri-dish after 48 hours. As the holes in the transparency were not readily measurable and irregular in size, we estimated their diameter experimentally using the evaporation rate of 21 evenly distributed disks, supposing they still verified the low number hypothesis (Fig. 7A ). The traditional model shows good accuracy for less than 100 disks; however, as the number of sources increases, it fails to predict the subsequent reduction in total evaporation. Rapidly the predicted evaporation rate intersects the measured total evaporation rate for the complete surface of the Petri-dish being liquid, highlighting the contradiction and limits of the traditional model. However, the evaporation rate was reduced in good coherence with eqn (13b). It is interesting to realize that the total evaporating surface was still small compared to the area of the Petri-dish, with a ratio of 0.0023 or 0.026, whether we used the estimated disk radius or the actual drill tip radius.
One of the assumptions of this calculation is that the volume of air around the assay is large such that it does not interfere with the evaporation process. For most containers, the lid will modify the humidity pattern and the evaporation will be defined by the leak rather than the liquid inside. For this reason we characterized this phenomenon by observing a lidless container. This modified evaporation model can be used for an assay during manipulation, when the lid is removed, or for assays done in large humid containers, such as incubators for instance. Furthermore, the overall concentration gradient driving the evaporation will be larger on the outskirts of the assay. 36 Thus the center portion of the assay will experience roughly half the evaporation predicted by the Ev number (Fig. 7B) .
When packing the drops or other evaporating surfaces in an even denser fashion, they will share their saturated humidity "halo" and act as a continuous liquid surface. This effect is Fig. 7 A. Total evaporation rate of an array of disk-shaped evaporating disks in a Petri-dish in function of their number. Experimental values (squares) are normalized by the evaporation rate for a whole evaporating Petri-dish filled with water. The average radius of the disks is found to be 112 lm using the evaporation rate of 21 disks and supposing the density effect is negligible. This value is used for plotting of the theoretical evaporation rates for both the traditional and modified model given by eqn (1) and eqn (13b) respectively. The maximum evaporation measured on a Petri-dish completely exposed is used to normalize these results and show the obvious contradiction of the traditional model. Note that even for 300 disks the distribution of the disks is sparse. B. Local evaporative flux from the center of the array out compared to the average flux. A slim band on the edge suffers severe evaporation whereas most of the array experiences less.
progressively dominant as the ratio of evaporating surface to total surface increases. In this case, the evaporation rate for the whole device is given by eqn (2) and (3) with R eq calculated for the whole surface of the array.
Applications
The knowledge of leaks and evaporation rates enables a controlled balance of each. To illustrate this we build a humidity controlled chamber using the balance of evaporation offered by a number of 1 Petri-dishes filled with liquid, and the leak of a Bioassay Tray (NUNC, Rochester, NY). First the leakiness factor of the container, f, was determined using eqn (11) at room temperature. We then placed a number of Petridishes filled with water in the Tray and a humidity probe was inserted in the container. We measured the relative humidity at equilibrium after placing the tray in a dry incubator (Fig. 8) . The experimental values follow the theory given by eqn (12) although we note that the measured humidity is generally higher than the expected theoretical value. We explain this by the edge effect previously mentioned, due to a ring of evaporation sources around the area of measurement.
Discussion
In high-throughput screening and many applications of microfluidics, variation of volumes and osmolarity can affect the outcome of the experiment. The evaporation number integrates the analysis of evaporation for each evaporating surface to give a single comprehensive parameter to quantify this volume loss. Depending on the conditions, additional terms can be added to this number to account for the phenomena occurring during evaporation. Ev ini can be used alone in hermetically sealed containers, or for experimental times that are short compared to the equilibration time. Ev leak , is used for long term experiments including contributions from leaks. Ev leak necessitates the determination of the characteristic geometric factor, f, described with eqn (11) . The evaporation number, Ev can be directly interpreted as the relative osmolarity or volume change. As a general rule, values of Ev under 0.1 signify that loss of volume through evaporation will be less than 10%.
The volume loss is also localized in the assay. Typically, leaks due to lids create a zone of higher evaporation extending in from the edge roughly 3 times the height of the container. This signifies that a thin container will experience a severe difference of evaporation between the center and the edge. Additionally we demonstrated that a continuous surface of liquid or discrete sacrificial surfaces do not effect the humidity profile. Therefore, although the punctual sources will deplete faster, it could be beneficial to apply the sacrificial sources at the same time and in the same format as the liquid of interest. Moreover, for repeatable experiments it is recommended not to use the locations close the boundaries. This edge effect phenomenon, referred to as the 'sentinel effect', also suggests that the closer to the ceiling the sacrificial liquid is placed the less dry air penetrates into the container. Additionally, two containers can be used to leverage the sentinel effect, by placing one inside the other. Fluid in the outer container humidifies air surrounding the inner container. In brief, determination of Ev provides an assessment of the magnitude of the evaporation supposing a random distribution of the liquids in the container. The characterization of the edge effects allows the modification of this Ev number to compensate for local variations in evaporation. For example, in the case of Fig. 3 , the maximum Ev number for the drops is in fact 10% of the general Ev as the drops are at a minimum of 3 times the height of the tray away from the edge.
However, several factors have not been discussed. First, temperature gradients create an important amount of displacement of water through evaporation at warm spots and condensation at cooler spots. Experiments show that a 5 degree temperature gradient within a sealed Omnitray will cause the evaporation of one hundred 10 lL drops of water (1 mL) in less than 5 h (see ESI ‡). This is typically very difficult for time-lapse imaging where light from a microscope creates localized heat. In general as temperature acts on every drop, no amount of sacrificial liquid can mitigate this phenomenon, and temperature gradients should be minimized. A possible mitigation of this phenomenon is to increase heat mixing of the air around the container through convection. A second limitation of this evaporation number resides in its consideration of only the initial state of the system. Therefore, when trying to minimize evaporation, Ev will remain accurate, since the system will not evolve much. However it cannot be used reliably to predict the state of the system for large evaporation.
Finally, although evaporation is seen as a problematic issue for most applications, it has been investigated for use in two main applications. The first application relies on a mechanism that is in part responsible for water flow in trees.
37, 38 This mechanism has been used to generate slow, steady, and long term flow in microchannels 39-42 or for thin layer chromatography.
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Continuous flow rates down to 1 nL min −1 have been demonstrated to be considerably more stable than other external mechanical pumping systems. 40 Furthermore, it has been shown that evaporation can be used to increase the concentration of an analyte of interest in a particular solution.
11,44, 45 This provides for a completely passive technique compared to the previous electrical field based or chemical gradient based methods. In addition, evaporation has been used to pack beads at the tip of a micro-pipette for biotechnological use.
46

Conclusion
Important medical and biotechnological advances become possible with the ability to manipulate volumes of liquid of nanolitres or less in high-throughput form. Many approaches opt for tubeless microfluidic devices or droplet based microfluidics, thus reducing the handled volumes to a minimum. These small volumes, however, are acutely susceptible to volume loss through evaporation, especially over long periods of time.
Different solutions have been developed to mitigate evaporation. The most effective methods use lids that are either made of non-miscible fluids, such as oil, or are solid. For biological applications, another solution is to saturate the atmosphere using sacrificial water placed around the area of interest. For long term experiments, depending on the container, the duration of the experiment and the number of evaporating surfaces, the total volume loss can be determined, and the importance of evaporation quantified by the number Ev. Edge effects potentially modify evaporation and can be either a factor enhancing volume loss or a solution for mitigating it.
Here we analyzed only the immediate consequence of evaporation that is the loss of liquid volume and the subsequent concentration variations. Another consequence of evaporation is the generation of flows in the fluid, and the potential impact on the assay, particularly in the case of cell biology. This is the focus of a following analysis.
47
